Reproductive performance of female pigs that do not receive sufficient colostrum from birth is permanently impaired. Whether lactocrine deficiency, reflected by low serum immunoglobulin immunocrit (iCrit), affects patterns of endometrial gene expression during the periattachment period of early pregnancy is unknown. Here, objectives were to determine effects of low iCrit at birth on the adult endometrial transcriptome on pregnancy day (PxD) 13. On the first day of postnatal life, gilts were assigned to high or low iCrit groups. Adult high (n = 8) and low (n = 7) iCrit gilts were bred (PxD 0), and humanely slaughtered on PxD 13 when tissues and fluids were collected. The endometrial transcriptome was defined for each group using mRNAseq and microRNAseq. Reads were mapped to the Sus scrofa 11.1 genome build. Mature microRNAs were annotated using miRBase 21. Differential expression was defined based on fold change (≥ ±1.5). Lactocrine deficiency did not affect corpora lutea number, uterine horn length, uterine wet weight, conceptus recovery, or uterine luminal fluid estrogen content on PxD 13. However, mRNAseq revealed 1157 differentially expressed endometrial mRNAs in high versus low iCrit gilts. Differentially expressed genes had functions related to solute transport, endometrial receptivity, and immune response. Six differentially expressed endometrial microRNAs included five predicted to target 62 differentially expressed mRNAs, affecting similar biological processes. Thus, lactocrine deficiency on the first day of postnatal life can alter uterine developmental trajectory with lasting effects on endometrial responses to pregnancy as reflected at the level of the transcriptome on PxD 13. . F. George et al., 2019, Vol. 100, No. 1 
Introduction
The mammalian female reproductive tract is incompletely developed at birth (postnatal day = PND 0) [1] . Data for ungulates [2] [3] [4] and mice [5, 6] showed that transient disruption of neonatal uterine development can alter the postnatal developmental program with lasting consequences for adult uterine structure and function. Thus, neonatal uterine tissues are developmentally plastic. Moreover, conditions necessary to support an optimal uterine developmental trajectory are not well defined. Disruption of such conditions, resulting in suboptimal development, can compromise the ability of adult uterine tissues to support pregnancy and, for polytocous species, to produce large, viable litters.
Maternal support of offspring development does not end at birth, but extends into the postnatal period through factors communicated from mother to nursing young in first milk (colostrum) via a lactocrine mechanism [7, 8] . In the pig (Sus scrofa), studies designed to test the lactocrine hypothesis for maternal programming of postnatal uterine development showed that imposition of a lactocrine-null state for 2 days from birth by feeding milk replacer in lieu of nursing altered uterine gene expression on PND 2 [9] [10] [11] , and stunted endometrial gland development by PND 14 [11] . Observations indicated a requirement for lactocrine support of the neonatal uterine developmental program.
Lactocrine deficiency from birth, defined as suboptimal delivery of milk-borne bioactive factors to nursing young, also occurs under nonexperimental conditions. In the pig, lactocrine deficiency can occur naturally through sow (e.g. maternal agalactia, mastitis) or piglet-based factors (e.g. difficulty during the birth process, low birth weight, competition among nursing young for teat position) [12] [13] [14] . The serum immunoglobulin immunocrit (iCrit) assay [15] , used to monitor passive transfer of maternal immunoglobulin to nursing piglets, provides an indirect method for assessing the relative amount of colostrum acquired by neonates on their first day after birth. In pigs, minimal colostrum consumption on the day of birth (PND 0), reflected by low serum iCrit values within the first 24 h of postnatal life, not only altered patterns of uterine wall development in neonates by PND 14 [8] , but also reduced live litter size through four parities in lactocrine-deficient piglets that reached adulthood [14] . Results provided compelling evidence indicating that reproductive performance of adult, neonatally lactocrine-deficient female pigs is permanently impaired [14] .
Factors that disrupt uterine receptivity to implantation of blastocysts during the periattachment period can compromise reproductive performance [16] . In the pig, conceptus elongation typically starts on day 11 and trophoblast attachment to the uterine luminal epithelium occurs starting on pregnancy day (PxD) 13, and is completed by PxD 18 [17] . During this period, uterine secretions support developing conceptuses, and functional changes in the endometrium facilitate implantation [18, 19] . These events contribute to establishment of an embryotrophic intrauterine environment that evolves as pregnancy progresses.
Significant changes in patterns of endometrial gene expression occur in response to pregnancy and the presence of conceptuses in utero. Studies of the porcine endometrial transcriptome revealed effects of pregnancy on both mRNA [20, 21] and microRNA (miRNA; [22] [23] [24] [25] [26] ) populations. MicroRNAs are approximately 22 nucleotide RNAs that inhibit gene expression post-transcriptionally through mRNA destabilization/degradation and translational repression [27] . Thus, efforts to predict miRNA-mRNA interactions through paired expression profiling are important functionally.
Given documented [14] , negative effects of lactocrine deficiency from birth on maternal capacity to produce large, viable litters in adulthood, it was hypothesized that suboptimal lactocrine support, reflected by minimal serum iCrit within 24 h of birth, would affect patterns of endometrial gene expression during the periattachment period of early pregnancy. Therefore, objectives of this study were to determine effects of lactocrine deficiency from birth on the porcine endometrial transcriptome in the same animals as adults, including predicted miRNA-mRNA interactions, on PxD 13.
Materials and methods

Animals and experimental design
Gilts (Sus scrofa domesticus) were born and raised from a herd of crossbred maternal line (Landrace and Yorkshire genetics) pigs at the U. S. Meat Animal Research Center (USMARC) in Clay Center, Nebraska. All procedures involving animals were reviewed and approved by the USMARC Institutional Animal Care and Use Committee and conducted in accordance with the Federation of Animal Science Societies (2010) guidelines for the care and use of agricultural animals in research.
Gilts and sows up to fourth parity were observed for estrous behavior and mated by artificial insemination using semen from maternal line boars from several commercial sources according to standard operating procedures at USMARC. On day 110 of gestation, dams were moved into farrowing crates and allowed to farrow naturally. If farrowing did not occur by day 116 of gestation, gilts were injected with Estrumate (1 ml; Intervet Merck Animal Health, Madison, NJ) to induce farrowing, which is standard operating procedure at USMARC. This procedure does not affect litter average iCrit [28] .
The experimental design is illustrated in Figure 1 . On the day of birth (PND 0), piglets were processed (ear notch, tail dock, needle teeth clipped, penicillin, and iron dextran injection) using standard operating procedures. Additionally, a jugular blood sample was collected from each gilt offspring within 24 h of birth. As described previously [15] , clotted blood samples from each gilt were centrifuged at 1000 × g for 10 min. Equal amounts (50 μl) of serum and 40% (wt/vol) ammonium sulfate in distilled water were mixed and the precipitated sample was loaded into a hematocrit centrifuge tube. Samples were centrifuged at full speed (12,000 × g) for 10 min. The iCrit ratio was calculated by taking the length of the , jugular blood samples were collected from gilts, serum immunocrit (iCrit) ratios were measured, and these values were used to assign gilts to high or low iCrit groups. At puberty (7-9 months of age), following at least one estrous cycle of normal duration, gilts were bred by artificial insemination (AI) using up to two doses of single sire semen (pregnancy day = PxD 0). On PxD 13, high (n = 8), and low (n = 7) iCrit gilts were euthanized and tissues were collected as described in Materials and Methods section.
precipitate divided by the length of the diluted serum in the tube. Within each litter, gilts with an iCrit of 0.05 or lower (low iCrit; n = 8) were matched with a littermate of similar birth weight and an iCrit of greater than 0.10 (high iCrit; n = 8). Overall, serum iCrit was greater (P < 0.001) in high (0.115 ± 0.01) as compared to low (0.033 ± 0.01) iCrit groups. If litter size exceeded 12 piglets per litter, male piglets were cross-fostered to other litters if available, according to standard operating procedures at USMARC. Overall, neonatal gilts from approximately 300-400 litters were screened on their day of birth to determine iCrit status. Of these, paired adult littermates from a total of eight litters, defined as high or low iCrit at birth, were used in these PxD 13 studies. On day 15 of age, all gilts received creep feed and were weaned on approximately day 24. At weaning, gilts were housed in the US-MARC nursery for 4 weeks and fed the USMARC standard nursery ration. After 4 weeks, gilts were moved to finishing barns and fed standard USMARC grower and finisher diets. At 170 days of age, gilts were moved to the gilt breeding area and were observed daily for estrous behavior. Following at least one estrous cycle of normal duration (17-23 days), gilts were mated at subsequent estrus by artificial insemination using commercial maternal line semen, and mated again 24 h later if still in estrus. On day 13 of pregnancy (PxD 13), gilts were humanely slaughtered at the USMARC abattoir and reproductive tracts were collected. Corpora lutea were counted as an indicator of ovulation rate. Uteri were trimmed free of the broad ligament, and uterine lengths (cm) and wet weights (g) were recorded.
To confirm pregnancy and collect uterine flushings, a clamp was placed at the cervix and an incision was made in the uterus at the tip of the uterine horn near the uterotubal junction. Using a syringe and a blunt needle, 0.9% saline (20 ml) was injected into the uterine lumen from the posterior end of each uterine horn, and the saline bolus was massaged through the length of the uterus until it emerged from the incised end. The saline flushing from each uterine horn was collected into a 100-mm plastic petri dish, and each flushing was examined for the number of conceptuses present by observation of corresponding embryonic discs under a stereomicroscope (Nikon Instruments Inc., Melville, NY). After flushing, each uterine horn was opened longitudinally, and endometrial tissue was collected from approximately the middle of the horn. Endometrial samples were frozen in liquid nitrogen and stored at −80
• C until total RNA was extracted. One low iCrit animal was not pregnant and removed from the study (final sample size: low iCrit, n = 7; high iCrit, n = 8).
Conceptuses were removed from each uterine luminal flushing (ULF), and the flushings from each gilt were combined and centrifuged (2100 × g for 20 min at 4
• C). Aliquots of pooled ULF were then frozen at −80
• C until analysis. Estradiol-17 beta concentrations were determined in ULF samples from each pregnant gilt using a commercially available ELISA (EIA-2693, DRG International, Inc.; Springfield, NJ). This assay was previously reported for use in swine [29] and validated by determining parallelism between the manufacturer's standard curve and serial dilutions of three ULF samples. The coefficient of variation between these curves was 15.4%. The dynamic range for the ELISA was between 9.714 and 2000 pg/ml for estradiol-17 beta. ULF samples were assayed in duplicate within one assay with an intra-assay coefficient of variation of 3.68%. Total ULF estradiol content was calculated by multiplying ULF estradiol concentration values for each gilt by values for corresponding ULF recovery volumes. Data for number of corpora lutea, total uterine length and weight, conceptus number, and ULF estradiol content were analyzed statistically using General Linear Model procedures (SAS 2013, Cary, NC). Data were subjected to analyses of variance considering the main effect of PND 0 iCrit. Results are presented as least squares means ± standard error of the mean.
Endometrial RNA isolation and analysis
Total RNA (including miRNA and mRNA) was isolated from endometrial tissue (50 mg/uterine horn) for each sample using the miRNeasy Mini Kit (Qiagen Inc., Valencia, CA) following the manufacturer's protocol. RNA quantity was measured using a Qubit R 2.0 Fluorometer (Invitrogen, Carlsbad, CA), and RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Applied Biosystems, Carlsbad, CA). Samples with an RNA integrity number ≥7.5 were used for library preparation for mRNA sequencing (mRNAseq) and miRNA sequencing (miRNAseq).
Preparation of mRNA and miRNA libraries
All mRNAseq and miRNAseq procedures were performed at the Genomic Services Laboratory, HudsonAlpha Institute for Biotechnology, as previously described [9, 10] . Briefly, total RNA (500 ng) from each endometrial sample was used for mRNA and miRNA library preparation. For mRNAseq, polyadenylated (polyA) RNAs were isolated using NEBNext Magnetic Oligo d(T)25 Beads (New England BioLabs, Inc.). After polyA selection, RNA was fragmented and primed for first-strand synthesis using the NEBNext First Strand Synthesis Module, followed by second-strand synthesis using the NEBNext Second Strand Synthesis Module. Sample processing, including barcoding of individual samples, followed standard library preparation protocol using NEBNext DNA Library Prep Master Mix Set for Illumina with slight modifications, as previously described [10] . For miRNAseq, the NEBNext Small RNA Library Prep Set for Illumina (New England Biolabs Inc., Ipswich, MA) was followed according to the manufacturer's protocol.
mRNA and miRNA library quantities were assessed using a Qubit R 2.0 Fluorometer, and library quality was determined using a DNA High Sense chip on Agilent 2100 Bioanalyzer. Further library quantification was completed using the qPCR-based KAPA Biosystem Library Quantification kit (Kapa Biosystems Inc., Woburn, MA). For mRNAseq, each library was diluted to a final concentration of 12.5 nM. For miRNAseq, individual sample libraries were diluted to a final concentration of 1.25 nM. Equimolar amounts of individual barcoded samples from each group were pooled prior to sequencing.
mRNA and miRNA sequencing and data analysis Paired-end mRNAseq, at over 25 million reads per individual barcoded sample, was performed using a HiSeq 2500 (Illumina, Inc., San Diego, CA) following the manufacturer's protocol and as previously described [10] . Summary of mRNAseq alignment statistics is shown in Supplemental Table S1 . Reads were mapped to the Sus scrofa 11.1 build of the porcine genome (GenBank Assembly Accession: GCA 000003025.6; National Center for Biotechnology Information [NCBI]) using Avadis NGS (version 3.1.1; Strand Scientifics, CA). Alignment and filtering of mapped reads were conducted as previously described [10] . Samples were grouped according to their respective identifiers. Normalized gene expression was quantified using the trimmed mean of M-values method [30] . Human orthologs of unannotated differentially expressed genes were identified using the Reciprocal Best Hits method [31] , whereby genes g 1 and g 2 in the pig and human genome, respectively, are deemed orthologs if g 2 is the best hit when g 1 is queried in a BLAST search against the database of human genes and g 1 is the best hit when g 2 is queried in a BLAST search against the database of pig genes. miRNAseq was conducted using an Illumina HiSeq 2500 instrument (Illumina Inc.) at 50-bp single-end condition generating approximately 15 million reads per sample. Quality control checks, adapter trimming, and read filtering were performed as previously described [9] . Filtered reads were used to extract and count miRNAs which were annotated with miRBase release 21 database [32] [33] [34] [35] [36] . Samples were grouped according to their respective identifiers followed by quantification of miRNA abundance [30] .
Differentially expressed mRNAs and miRNAs, based on fold change (≥ ±1.5), were identified with respect to neonatal iCrit (high iCrit versus low iCrit). Probability values for each differentially expressed mRNA and miRNA were estimated by z-score calculations along with a Benjamini-Hochberg false discovery rate of ≥0.05. Data were subjected to principal component analysis using Avadis NGS (version 3.1.1; Strand Scientifics, CA). Relative fold change in mRNA abundance was illustrated using volcano plots generated for each comparison using R Programming (GNU General Public License; www.r-project.org).
For mRNAseq data, gene enrichment analyses were performed using Database for Annotation, Visualization, and Integrated Discovery (DAVID; version 6.8) [37, 38] and Protein Analysis Through Evolutionary Relationships (PANTHER; version 13.0) [39] . Ingenuity Pathway Analysis (IPA) software (Qiagen Redwood City, CA; www.qiagen.com/ingenuity) was used for functional annotation and related biological pathway analyses. Relationships between differentially expressed miRNAs and their respective differentially expressed mRNA targets were determined using Qiagen's Ingenuity Pathway Analysis MicroRNA Target Filter (IPA, Qiagen Redwood City; www.qiagen.com/ingenuity). By applying Qiagen's IPA expression pairing tool, miRNA-mRNA pairings were limited to canonical relationships, defined by inverse associations between miRNAs and their target mRNAs.
Quantitative real-time polymerase chain reaction
Validation of mRNAseq data was done by quantitative real-time polymerase chain reaction (qPCR) using the same RNA used to generate cDNA libraries. Endometrial RNA from individual pigs in each group was pooled to create high and low iCrit samples for qPCR, with the specific objective to provide technical validation for mRNAseq. Reverse transcription (2 μg/sample) was performed on a Peltier Thermal Cycler-200 (Bio-Rad Laboratories, Inc.) using the SuperScript III First-Strand Synthesis System (Life Technologies). Quantitative RT-PCR (50 ng/sample) was conducted using SYBR Green and universal thermal cycling parameters (40 cycles), as indicated by the manufacturer on a StepOne Plus System (Applied Biosystems/Life Technologies).
Primers were designed using Primer Quest software (Integrated DNA Technologies, Inc.) and synthesized by Sigma-Aldrich. Primer sequences (Supplemental Table S2 ), directed to the porcine genome, were evaluated for quality by amplifying serial dilutions of the cDNA template. To ensure specific amplification, control qPCR reactions included substitution of water only, in place of primers and template. Dissociation curves for primer sets were assessed to ensure that no amplicon-dependent amplification occurred.
Nine endometrial genes chosen for qPCR validation included those for which relative expression, determined by RNAseq, increased or decreased more than 1.5-fold, or were unchanged in high as compared to low iCrit gilts on PxD 13. These genes included serum amyloid A 3 (SAA3), solute carrier family 5 member 1 (SLC5A1), S100 calcium-binding protein A12 (S100A12), mucin 4 (MUC4), retinol binding protein 4 (RBP4), secreted phosphoprotein 1 (SPP1), fibroblast growth factor 7 (FGF7), leukemia inhibitory factor (LIF), and solute carrier family 24 member 4 (SLC24A4). Porcine cyclophilin A (PPIA) was constitutively expressed between low and high iCrit samples (data not shown) and was therefore used for normalization as the endogenous reference gene [40] . Data generated by qPCR were analyzed using the CT method as described by Applied Biosystems (ABI User Bulletin 2, 2001). Pearson correlation coefficient was determined to compare mRNA expression fold-change results obtained by mRNAseq and qPCR.
Results
Effects of lactocrine deficiency on ovarian and uterine endpoints and endometrial mRNA expression on PxD 13
When high and low iCrit gilts were compared on PxD 13, no differences in corpora lutea number (16.4 ± 1 vs 14.6 ± 1 CL), uterine length (128.7 ± 8.5 vs 131.0 ± 7.9 cm), uterine wet weights (890.8 ± 55.1 vs 828.4 ± 58.9 g), conceptus recovery (7.6 ± 1 vs 6.4 ± 1 conceptuses), or total recoverable ULF estradiol content (9.5 ± 4.7 vs 12.3 ± 5.1 ng) were observed. Endometrial mRNA data at PxD 13 for high and low iCrit groups clustered separately according to principal component analysis (Figure 2 ). Effects of lactocrine deficiency at birth, as reflected by serum iCrit, on endometrial gene expression at PxD 13 are illustrated in Figure 3A . Out of 28,224 protein coding mRNAs identified in the Sus scrofa 11.1 database, 1157 mRNAs were differentially expressed (≥1.5-fold, P < 0.05) in high as compared to low iCrit gilts on PxD 13 ( Figure 3A , Supplemental Table S3 ). Of these differentially expressed mRNAs, 562 decreased and 595 increased in the endometrium of high versus low iCrit gilts ( Figure 3A , Supplemental Table S3 ). The top 10 most highly differentially expressed endometrial mRNAs in high as compared to low iCrit gilts on PxD 13 included NPY, ACOD1, CTRL, TGM3, TNIP3, FAM151A, CRISP3, NLRC4, FGA, and ACSBG1 (Supplemental Table S3 ).
Results of technical validation of mRNAseq data by qPCR are shown in Figure 3B . Expression of nine transcripts including SAA3, SLC5A1, S100A12, MUC4, RBP4, SPP1, FGF7, LIF, and SLC24A4 was evaluated. A positive correlation between mRNAseq and qPCR data was identified (r = 0.91, P < 0.001).
Gene enrichment analyses of differentially expressed mRNAs
Differentially expressed endometrial mRNAs in high as compared to low iCrit gilts on PxD 13 were categorized by enriched biological processes and pathways using DAVID, Reactome, IPA, and PAN-THER (Figures 4 and 5) . The top 10 significantly enriched gene ontology (GO) terms identified by DAVID functional annotation analysis included multiple terms related to immune response, such as "defense response," "response to external stimulus," "regulation of leukocyte migration," and "inflammatory response" ( Figure 4A ). Other enriched GO terms identified by DAVID included "ion transport," "nitrogen compound transport," "reproduction," and "reproductive process." Figure 4B illustrates enriched biological pathways within the differentially expressed mRNA dataset as identified by Reactome. Pathways affected by neonatal immunocrit on PxD 13 in the endometrium included those related to ECM remodeling, such as "collagen degradation," "activation of matrix metalloproteinases," "molecules associated with elastic fibres," and "degradation of the extracellular matrix." Other enriched pathways included "G alpha (i) signaling events," "peptide ligand-binding receptors," "chemokine receptors bind chemokines," "O-linked glycosylation of mucins," and "ligand-gated ion channel transport."
Functional annotation categories identified by IPA for differentially expressed mRNAs in the endometrium of high versus low iCrit gilts on PxD 13, selected based upon their association with biological processes related to uterine development, structure, and function, are shown in Figure 4C . Predominant terms specific to differential endometrial mRNA expression were related to cellular function and development. With regard to cellular function, enriched categories included "cell-to-cell signaling and interaction," "cellular function and maintenance," "cellular movement," "immune cell trafficking," and "cellular growth and proliferation." Enriched developmentallyrelated categories included "tissue morphology," "endocrine and reproductive system development and function," and "embryonic and organismal development." Figure 5 illustrates enriched GO biological processes for differentially expressed mRNAs on PxD 13 as identified by PANTHER. Processes sensitive to lactocrine deficiency included "cellular process," "reproduction," "biological regulation and adhesion," "response to stimulus," as well as "developmental, metabolic, and immune system" processes. Across analyses, overall top enriched biological processes on PxD 13 were related to immune response, ECM remodeling, cell function, and reproduction/development.
Selected differentially expressed endometrial mRNAs
Selected differentially expressed mRNAs with known or postulated roles in implantation are presented in Table 1 . The gene family with the most abundant, lactocrine-sensitive elements involved solute carrier (SLC) membrane transporters. For this group, relative expression of 20 SLC transcripts increased and 18 decreased in the endometrium of high as compared to low iCrit gilts (Supplemental Table S3 ). Other lactocrine-sensitive, differentially expressed endometrial transcripts included those involved in prostaglandin signaling (AKR1B1, PTGS1, and SLCO2A1), immune response (S100A8, CXCL10, LIF, IL1A, and ITGAM), and endometrial receptivity (ACOD1, STC1, LPAR3, DKK1, and BMP2). Additionally, a number of endometrial transcripts related to uterine remodeling and proteolysis were lactocrine sensitive. These included matrix metalloproteinases (MMP12, MMP7, MMP8, and MMP13), mucins (MUC20, MUC6, and MUC13), ADAMs (a disintegrin and metalloproteinase; ADAM23, ADAM2, ADAM7, and ADAMTS19), and keratin 23 (KRT23; Table 1 ). With regard to the keratin (KRT) gene family, expression of eight transcripts (KRT79, KRT14, KRT20, KRT23, KRT35, KRT5, KRT36, and KRT80) increased, and one transcript (KRT6A) decreased in the endometrium of high as compared to low iCrit gilts (Supplemental Table S3 ).
Effects of lactocrine deficiency on endometrial miRNA expression on PxD 13
From 461 mature miRNAs identified in the porcine miRBase release 21, 6 miRNAs were differentially expressed (≥1.5-fold, P < 0.05) in the endometrium of high versus low iCrit gilts on PxD 13. O-linked Glycosylation of Mucins (6) Collagen Degradation (7) Chemokine Receptors Bind Chemokines (10) Peptide Ligand-Binding Receptors (13) G alpha (i) Signalling Events (22) Enrichment Score [-log(p-value)] Differentially expressed miRNAs included miR-129a-3p, miR-7135-5p, miR-371-5p, miR-338, miR-365-5p, and miR-144 (listed in descending order in Table 2 ). Of those, five of the porcine miRNAs identified had human orthologs. No differential miRNA expression events greater than twofold were identified.
Integrated target prediction analyses
The workflow and output for miRNA-mRNA data integration and bioinformatic analyses are illustrated in Figure 6 . Procedures enabled integration of data for 1157 mRNAs and 6 miRNAs determined to be differentially expressed by endometrium obtained from high and low iCrit gilts on PxD 13. Relationships between differentially expressed miRNAs and respective mRNA targets were limited to inverse pairings (i.e. expression of miRNA increased and mRNA targets decreased) and those transcripts with human orthologs identified by IPA. Thus, a total of five differentially expressed miRNAs were predicted to target 62 differentially expressed mRNAs ( Figure 6 ). Table 3 lists the five differentially expressed miRNAs and predicted differentially expressed mRNA targets as identified by IPA. Additional information regarding differentially expressed mRNA targets for each miRNA is presented in Supplemental Table S4 . Illustration of predicted miRNA-mRNA interactions is presented as an interactome network in Figure 7 . Only inverse relationships are presented, where endometrial expression of miRNAs increased and expression of associated mRNA targets decreased between high and low iCrit gilts on PxD 13. Increased expression of transcripts in high as compared to low iCrit gilts is shown in red/dark gray, and decreased expression is shown in green/light gray. Note, several differentially expressed mRNAs are targeted by more than one miRNA. Further, interactions between mRNA transcripts are also presented.
Enriched biological processes associated with endometrial mRNAs targeted by miRNAs between high and low iCrit gilts on PxD 13 as identified by DAVID are listed in Table 4 . MicroRNA-mRNA interactions were predicted to be involved with similar processes observed for mRNAseq data alone, including those related to development and regulation of cellular functions, such as cell motility. Due to the limited number of predicted miRNA-mRNA interactions, enriched biological processes were not observed for Reactome and PANTHER analyses of mRNA targets.
Discussion
The lactocrine hypothesis for maternal programming of uterine development posits that disruption of lactocrine signaling from birth can alter the neonatal uterine developmental program and trajectory with long-term consequences for reproductive performance in adults [41] . Consistently, data for neonates showed that imposition of a lactocrine-null condition from birth, by milk replacer-feeding, altered patterns of porcine uterine wall development and global patterns of uterine gene expression by PND 2 [9] [10] [11] with overt, negative effects on endometrial histogenesis by PND 14 [11] . Likewise, lactocrine deficiency from birth, reflected by low serum iCrit within 24 h of birth, inhibited uterine wall development by PND 14 [8] , as reflected by reduced endometrial gland genesis and immunostaining for proliferating cell nuclear antigen. Further, in a study involving 799 female pigs followed over four parities, lactocrine deficiency from birth was associated with reduced average preweaning growth rate, increased age at puberty, and, critically, reduced live litter size with no effect of parity [14] . Present data support the idea that permanent impairment of reproductive performance in lactocrine-deficient, adult female pigs is associated with alterations in endometrial function, reflected by differential endometrial gene expression patterns between high and low iCrit gilts during the periattachment period of early pregnancy. Results establish a long-term effect of neonatal lactocrine programming on adult endometrial function in the pig.
Establishment and maintenance of an embryotrophic uterine environment require that the adult, periattachment stage endometrium integrates systemic signals of maternal, as well as local signals of conceptus origin [19] . Results indicating that lactocrine deficiency from birth did not affect uterine horn length or wet weight, number of corpora lutea, number of conceptuses, or total recoverable ULF estradiol content, provide support for the idea that lactocrine deficiency did not affect adult uterine morphology, and that systemic and local signals driving endometrial function were similar in low and high iCrit gilts on PxD 13. Evidence of differential gene expression patterns between these groups likely reflects differences in the capacity of these endometrial tissues to integrate maternal and conceptus signals as necessary to insure development of an optimally embryotrophic uterine environment.
Lactocrine deficiency from birth had substantial effects on patterns of endometrial gene expression, as defined by the transcriptome in adult gilts on PxD 13. Results enabled definition of the size (number of affected transcripts), directionality (increased and decreased expression), and, to the extent that the porcine genome is annotated [42] , identification of individual transcriptomic elements of the endometrial domain of response associated with lactocrine disruption of the neonatal uterine developmental program [7] [8] [9] [10] . Elements of this response domain are, by definition, lactocrine sensitive. Subdomains of response, defined by biological processes identified using DAVID, Reactome, IPA, and PANTHER, included some that were similar to those described for the adult porcine endometrium in response to pregnancy on days 12 and 14 [20, 21] . Examples included defense response, proteolysis, and cell adhesion. Elements of the adult endometrial, lactocrine-sensitive transcriptome not grouped into subdomains informatically, but that could affect endometrial functionality and conceptus-endometrial interactions during the periattachment period, were also defined as discussed below.
Genes involved in epithelial cell transport mechanisms
During pregnancy, uterine epithelial secretory products, as well as factors delivered to the uterine lumen from maternal plasma, support conceptus development and implantation [43] . Components of uterine luminal fluid, including glucose, fructose, and amino acids [44] , require specific epithelial transporter proteins to facilitate their movement across cellular compartments and into the uterine lumen [45] . One such class of mammalian transporters is the SLC superfamily. Members of this superfamily were implicated in porcine placental function [45] [46] [47] . In the present study, several differentially expressed SLC transcripts were identified in the endometrium of high as compared to low iCrit gilts. Included were sodium-dependent glucose transporters SLC5A1 and SLC5A9, as well as glucose-activated sodium channel SLC5A4 and short-chain fatty acid transporter SLC5A8 [48] , for which expression was greater in high iCrit gilts. Estrogen-sensitive expression of SLC5A1 was documented for porcine endometrial luminal epithelium on PxD 12-13 [47] . This suggested that locally produced, conceptus-derived estrogens induce endometrial expression of this glucose transporter. Glucose is transported passively from maternal blood into the uterine lumen through a process facilitated by conversion to fructose in the placenta [49] , as necessary for porcine conceptus survival. Fructose is also present in porcine uterine luminal fluids during early pregnancy, and uterine luminal fluid fructose concentrations increase between PxD 11 and 15 [46] . Fructose is produced when glucose is reduced to sorbitol through the polyol pathway via the action of enzymes AKR1B1 and SORD. Porcine endometrial expression of both enzymes was documented for uterine luminal epithelium from PxD 13-17 [46] . Here, endometrial AKR1B1 expression increased in high as compared to low iCrit gilts on PxD 13, while SORD was expressed consistently in both groups. Collectively, data can be interpreted to suggest that lactocrine deficiency from birth could affect porcine endometrial glucose transport and metabolism during the periattachment period of early pregnancy.
Genes involved in prostaglandin synthesis and secretion
The enzyme AKR1B1 also acts as a prostaglandin F synthase [50] . Expression of AKR1B1 by porcine endometrial explants increased in response to conceptus secretory products including estrogens and IL1B, while treatment with an inhibitor of AKR1B1 activity decreased PGF2α production ex vivo [50] . This supports a role for AKR1B1 in endometrial production of PGF2α and events associated with maternal recognition of pregnancy in the pig [51] . Increased endometrial expression of PTGS1, an enzyme involved in prostaglandin E2 and F2α synthesis [50] , was also observed in high iCrit gilts on PxD 13. Further, endometrial expression of the prostaglandin transporter SLCO2A1 differed between high and low iCrit gilts. Implicated in regulation of uterine luminal prostaglandin influx during maternal recognition of pregnancy in the pig, SLCO2A1 expression was localized to basolateral membranes of uterine luminal epithelium and blood vessels during pregnancy [52] . Thus, lactocrine disruption of neonatal uterine development may affect patterns of adult endometrial prostaglandin biosynthesis and secretory dynamics during early pregnancy.
Downloaded from https://academic.oup.com/biolreprod/article-abstract/100/1/71/5068674 by OUP site access user on 18 March 2019 Figure 6 . High-throughput sequencing workflow and output. Endometrial tissues were obtained from high and low iCrit gilts on PxD 13. Total endometrial RNA was isolated, and both mRNAs and miRNAs were sequenced as described in Materials and Methods section. Integrated target prediction analysis was conducted using IPA as described in Materials and Methods section. The numbers and names of differentially expressed miRNAs targeting differentially expressed mRNAs are presented.
Genes related to immune response Mammalian implantation was described as an inflammatory process, involving immune responses required for conceptus survival [53] . Results of pathway analyses indicated that immunological processes associated with implantation were lactocrine sensitive. Some of these included regulation of leukocyte migration, immune cell trafficking, and immune system processes. Specific endometrial transcripts for which expression increased in high as compared to low iCrit gilts on PxD 13 included S100A8. A calcium binding protein S100A8 was implicated in regulation of endometrial inflammatory response to infection in post-partum cows [54] , and increased in the porcine endometrium on PxD 12 [26] . Another lactocrine-sensitive element of the endometrial transcriptome CXCL10 was implicated in immune cell recruitment to the endometrium during implantation in pigs [55] . Other mediators of immune function associated with the periattachment period [20, 21, 56] for which expression differed between high and low iCrit gilts included LIF, IL1A, and ITGAM. Porcine endometrial expression of LIF was reported from PxD 12-18 and LIF protein content in ULFs peaked on PxD 12 [57] . In mice, endometrial glandular LIF expression is required for implantation [58] and stimulates uterine luminal epithelial secretion of IL1A and prostaglandin E synthase during the peri-implantation period of pregnancy [56] .
Genes related to endometrial receptivity
In the pig, one marker of endometrial receptivity to conceptus signals and implantation is down-regulation of progesterone receptor expression in luminal and glandular epithelium [59] . The associated up-regulation of ESR1 expression enables endometrial responsiveness to conceptus estrogens starting on PxD 12 [60] . In turn, conceptus estrogens stimulate transcription of genes identified here to be lactocrine-sensitive, including AKR1B1 [50] , LPAR3 [61] , and STC1 [62] , the products of which can affect cell growth and adhesion, solute transport, and dynamics of prostaglandin synthesis and secretion. Other lactocrine-sensitive transcripts include ACOD1 (also known as IRG1; [63] ), DKK1 [64] , and BMP2 [65] , all documented to mediate uterine receptivity and implantation in mice.
Factors affecting endometrial mucin expression and distribution are central to development of a receptive endometrium [66] . Here, endometrial expression of several mucin transcripts was determined to be lactocrine-sensitive. Included were MUC20, MUC6, and MUC13, not identified previously as products of the porcine endometrium. Mucins, which can be secreted (including MUC2 and MUC6) or transmembrane in nature (including MUC1, MUC4, MUC13, and MUC20), function to protect and stabilize epithelia [67, 68] . Transmembrane MUC13 was localized to the apical surface of rat uterine luminal epithelium during implantation, where it was suggested to facilitate blastocyst attachment [69] . Similarly, Table 3 .
endometrial MUC13 expression increased during the period associated with conceptus elongation in cattle [70] . Both MUC1 [71] and MUC4 [72] , not identified to be lactocrine-sensitive, regulate conceptus invasiveness and affect uterine epithelial receptivity to conceptus interactions in the pig.
Genes involved in implantation-related uterine remodeling and proteolysis
Matrix metalloproteinases (MMPs) function in extracellular matrix remodeling, and are required for successful implantation during pregnancy [73] . Differential endometrial expression of MMP7, MMP8, MMP12, and MMP13 was identified between high and low iCrit gilts on PxD 13. In the pig, increased endometrial expression of MMP7, MMP12, and MMP13 was associated with early pregnancy on day 12 [21] . Another category of metalloproteinases found to be lactocrine sensitive included members of the ADAM gene family (ADAM23, ADAM2, ADAM7, and ADAMTS19). ADAM family gene products function in cell-cell adhesion, cellular signaling, and cleavage of transmembrane cell-surface proteins [74] , all processes associated with conceptus-endometrial interactions during the periattachment period [66] . Disregulation of endometrial mucin and metalloproteinase expression could be expected to affect adult reproductive performance as predicted by the lactocrine hypothesis [8] .
Evidence presented here for porcine endometrial expression of keratin gene transcripts KRT79, KRT14, KRT20, KRT35, KRT5, KRT36, and KRT80 is novel. Moreover, expression profiles for all of these transcripts reflected lactocrine programming effects on PxD 13. While specific functions of endometrial keratins are unknown, these proteins serve as major structural elements of epithelial cells, where they act as a protective scaffold against mechanical and chemical stressors [75] . Evidence of increased porcine endometrial KRT23 expression on PxD 12 [21] suggested a role for this keratin during the periattachment period. Data indicating reduced endometrial expression of eight different keratins in lactocrine-deficient gilts on PxD 13 suggest that functional studies of these gene products during the periattachment period are warranted.
Endometrial miRNA and miRNA-mRNA interactions
MicroRNAs target mRNAs and regulate their stability [27] . A lactocrine-sensitive uterine miRNA-mRNA interactome was recently described for the neonatal pig [9] . Two of six lactocrinesensitive endometrial miRNAs, miR-338 and miR-144, were described for human chorioamniotic tissues and implicated in regulation of prostaglandin synthesis [76, 77] . Actions of miR-338 were proposed to be mediated through phospholipase transcript PLA2G4B [76] . Here, phospholipase A2 family members PLA2G2D and PLA2G3 were determined to be lactocrine sensitive. However, functional roles for the five annotated, lactocrine-sensitive miRNAs predicted to target 62 mRNAs in the adult porcine endometrium on PxD 13 are unknown.
Summary
Data for the uterus, generated in rodent and ungulate models, including cattle, sheep, and pigs, indicate that targeted disruption of uterine development from birth can alter the neonatal developmental program with lasting, and typically negative consequences for uterine phenotype and function in adulthood [1] . Data for the pig indicate that lactocrine effects on the neonatal porcine uterine developmental program occur rapidly, within the first 12 to 24 h of birth [9, 78] . Given that lactocrine deficiency from birth predicts permanent impairment of reproductive performance in female pigs [14] , observations suggest that the first 12 to 24 h of neonatal life define a critical period for lactocrine programming of porcine uterine development and function [7, 8] . It is now important to define epigenetic lactocrine programming mechanisms regulating uterine development [8, 79] . Epigenetic mechanisms implicated in developmental programming include DNA methylation, post-translational histone modifications, and miRNA-mediated effects on transcript stability and repression of translation during critical organizational periods [80] . Data for the pig, indicating lactocrine effects on aspects of the neonatal uterine miRNA-mRNA interactome by PND 2 [9] , implicated miRNAs as elements of the lactocrine programming story. Nothing is known about roles for DNA methylation or post-translational histone modifications in this regard. Interrogation of neonatal porcine transcriptomic datasets on PND 2 [9, 10] for evidence of lactocrinesensitive uterine expression of genes that code for enzymes regulating these processes, such as DNA methyltransferases and histonemodifying enzymes, will be instructive. To the extent that the epigenome connects genotype to phenotype, definition of lactocrine mechanisms mediating development and, ultimately, tissue function will be important for understanding developmental origins of mammalian health and disease, including reproductive performance. Evidence for the pig indicates that adequate colostrum consumption within 24 hours of birth is required for establishment of a normal uterine developmental program and optimal reproductive performance in adults.
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Supplementary data are available at BIOLRE online. Table S1 . Summary of alignment statistics for mRNAseq of endometrial samples from high and low iCrit gilts on PxD 13. Supplemental Table S2 . Primer sequences for quantitative real-time PCR validation of mRNAseq. Supplemental Table S3 . Differentially expressed endometrial mRNAs (≥ ±1.5-fold change; P < 0.05) between high and low iCrit gilts on PxD 13. Supplemental Table S4 . Integrated target prediction analysis for differentially expressed endometrial miRNAs and mRNA targets between high and low iCrit gilts on PxD 13 as identified by Ingenuity Pathway Analysis.
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